Cells are the fundamental structural and functional units of living organisms. The cell membrane is comprised of phospholipid and gycolipids; glycoproteins are located on the cell membrane surface. The sugar residues of glycoproteins combine with biological molecules such as antibodies, hormones and enzymes. [1] [2] [3] Bacteria and viruses also recognize the structure and sequence of sugar residues and invade the host by binding to them. 4 Lectins are proteins that interact with specific sugar residues. Binding between lectin and sugar residues causes cell agglutination and precipitation of polysaccharides.
Bacteria and viruses also recognize the structure and sequence of sugar residues and invade the host by binding to them. 4 Lectins are proteins that interact with specific sugar residues. Binding between lectin and sugar residues causes cell agglutination and precipitation of polysaccharides. 5 Because many lectins are commercially available and are easy to handle, they are well-suited for the study of protein-sugar residue binding. 6 For example, one type of lectin wheat germ agglutinin (WGA) is a 36000 molecular weight protein consisting of two identical sub-units.
WGA specifically binds the sugar, N-acetylglucosamine, which is comprised of glucosamine and glucose. Generally, the terminal sugar residue on the cell surface is either glucose, N-acetylglucosamine, mannose or xylose. Therefore, the binding between WGA and glucose plays an important role in various physiological processes. 7 For example, the time dependence of agglutination and the spreading of human erythrocytes induced by cell-cell contact involve WGA-glucose binding. 8 The importance of WGA-glucose binding for the sexual development of dictyostelium discoideum also has been reported. 9 WGA-glucose has also been applied to affinity chromatography, using glycoconjugates and WGA as the ligands. 10 Various models of biological cells have been used to study living cells. Bilayer lipid membranes are widely used because they replicate the electric and hydrophobic properties of the cell membrane. 11 Liposomes also have been used as a model of the cell. 12 Magnetic microbeads are the same size as living cells; thus, magnetic microbeads are used as cell models in medical, biological and environmental research. Furthermore, functional molecules can be immobilized onto the surface of magnetic beads via cross-linking. The beads can be easily isolated from solutions containing protein or from bacterial cultures by application of a magnetic field.
Magnetic beads have been used in a variety of immunologic and electrochemical assays. Kim et al. detected abnormal prion proteins using a magnetic bead-based immunoassay coupled with laser-induced fluorescence spectrofluorometry. 13 In addition, immunomagnetic beads have been used in the detection of bacillus stearothermophilus spores in food and environmental samples.
14 Microbeads with fluorogenic 15 and chemiluminescence reagents 16 have been developed to evaluate protein-sugar residue binding. Thomas et al. established an electrochemical procedure for the evaluation of the antigen-antibody reaction on the magnetic bead surface using an enzyme reaction. 17 Our group previously reported a method for the evaluation of lectin-sugar binding on sugar-modified beads. 18 In this method, the sugar was labeled with an electroactive compound for use as a probe. In this two-step procedure, WGA was immobilized on the surface of the beads by incubation of glucosamine-modified beads with WGA. Next, the labeled glucose was added to the bead solution and the solution was stirred constantly. The peak current decreased as the concentration of lectin increased. Thus, the amount of lectin immobilized on the beads was calculated based on the electrode response of the probe.
In the present study, voltammetric evaluation of the binding between WGA and glucose was carried out using thionine/ glucose-modified magnetic beads. Thionine was immobilized on the bead surface via cross-linking of amino groups (Fig. 1) . The sugar was bound to thionine via formation of a Schiff base. Preparation of the modified beads using this method was convenient, and separation of the modified beads from the solution was rapid. Binding was evaluated based on changes in the response of the electroactive moiety, i.e., thionine covered with WGA. The method developed in the present study allows for one-step evaluation of binding between the beads and WGA; thus, it is a much simpler procedure than the previously published method. 
Reagents
Wheat germ agglutinin (WGA), soybean agglutinin (SBA) and concanavalin A (Con A) were purchased from Sigma-Aldrich. Glucose was supplied from Wako Pure Industries. Thionine chloride was obtained from Tokyo Chemical Industry Co. Bis-[sulfosuccinimidyl]suberate (BS3) was purchased from Pierce for use as a cross-linking reagent. Three sizes of magnetic beads with surface amino groups were purchased from Spherotech, as follows: large beads (AM-60-10: 8.70 ¥ 10 7 beads/ml, 1.0 w/v%); medium beads (AM-30-10: 1.02 ¥ 10 9 beads/ml, 2.5 w/v%); small beads (AM-15-10: 6.03 ¥ 10 9 beads/ml, 2.5 w/v%). The diameter of each bead is shown in Table 1 . The number of amino groups on the surface of modified mediumsized beads was 2.4 ¥ 10 -15 mol/bead. A phosphate buffer (0.1 M) comprised of 0.1 M KH2PO4 and 0.1 M NaOH was used as the incubation solution and as the supporting electrolyte in the electrochemical measurements. The supporting electrolyte was deaerated by high-quality nitrogen gas before the current was measured. All reagents used were of analytical reagent grade.
Preparation of the thionine/glucose-modified magnetic microbeads
Thionine/glucose-modified beads were prepared as follows. First, beads bearing the amino groups (5 ¥ 10 8 beads) were mixed with BS3 (5 ¥ 10 -5 mol) for 24 h at 4˚C in 1.0 ml of 0.1 M phosphate buffer (pH 8.5). After the beads were rinsed in phosphate buffer, thionine (5 ¥ 10 -6 mol) was added to the beads in 1.0 ml of 0.1 M phosphate buffer (pH 8.5). Incubation of thionine with the beads resulted in immobilization of thionine on the beads via cross-linking between an amino group on thionine and the surface amino groups on the beads (Fig. 2) . After the beads were rinsed with 0.1 M phosphate buffer (pH 8.5), glucose (5 ¥ 10 -6 mol) was added to the bead solution (1.0 ml). As a result, a Schiff base formed between the second thionine amino group and glucose to give the modified beads. On this occasion, the ring-opening reaction of the glucose is generated. The amount of thionine immobilized on the bead surface was estimated from the concentration of unreacted thionine in the supernatant after completion of the reaction. The concentration of thionine was determined by measuring the absorbance at 598 nm. The amount of glucose on the bead surface was calculated from the voltammetric measurements of the H2O2 that resulted from the reaction of unbound glucose in the supernatant. 19 Procedure WGA and thionine/glucose-modified beads were incubated for 1 h in 0.1 M phosphate buffer (pH 7.0). Next, a potential of 0.1 V was applied to the electrode for 5 min with stirring, as a pre-equilibration. Then, the potential was scanned in the negative direction with differential pulse voltammetry (scan rate, 5 mV s -1 ; pulse amplitude, 50 mV; sample width, 2 ms; pulse width, 50 ms; pulse period, 200 ms). The incubation and the measurement were carried out at 25 ± 3˚C.
Results and Discussion

Immobilization of thionine and glucose onto magnetic microbeads
The amount of thionine moiety immobilized on the surface of the beads was estimated using spectrophotometry ( Table 1) . The amount of thionine immobilized per medium bead was 3.3 ¥ 10 -16 mol. The amount of thionine immobilized on a mediumsized bead was three-fold greater than the amount on a smallsized bead. Similarly, the amount of thionine on a large bead was three-fold greater than that on a medium bead. Thus, based on these observations, it is clear that the amount of thionine on the bead surface is proportional to the surface area of the bead. The amount of glucose immobilized on the bead was calculated using voltammetric measurements of the H2O2 produced from glucose oxidase. For a medium-sized bead, the amount of glucose immobilized per bead was 1.0 ¥ 10 -16 mol. The molar ratio of thionine to glucose on the bead was 3:1, regardless of bead size. 
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Voltammograms of thionine/glucose-modified magnetic microbeads at a glassy carbon electrode
Voltammograms of thionine/glucose-modified beads were measured at the glassy carbon electrode in 0.1 M phosphate buffer. Thionine/glucose-modified medium beads (5 ¥ 10 -7 M glucose immobilized on the beads in 10 ml phosphate buffer) were added to 0.1 M phosphate buffer (pH 7.0). The concentration of glucose was one-third the thionine concentration. To achieve a pre-equilibration, we applied a potential of 0.1 V to the electrode for 5 min. Then, the scanning of potential in the negative direction was carried out with differential pulse voltammetry. A reduction peak due to thionine on the beads appeared at -0.20 V. The electrode reaction of the thionine moiety involved two electrons and one proton. 6 The peak current without the applied potential was less than that observed with the applied potential. When 2.0 ¥ 10 -6 M WGA and 5 ¥ 10 -7 M (glucose concentration on the bead surface) thionine/glucose-modified medium-sized beads were incubated in solution, the peak current at -0.20 V was 30% of the peak current obtained for the beads alone (Fig. 3) .
A peak at -0.20 V was also observed for the thionine-modified beads. When 1.7 ¥ 10 -6 M (thionine concentration on the bead surface) medium-sized beads and 2.0 ¥ 10 -6 M WGA were mixed, the peak current was similar to that observed for the solution of thionine-modified beads alone. Therefore, the thionine moiety on the beads did not bind WGA. The electrode response of the thionine moiety was selectively suppressed by WGA-glucose binding.
The solution with 1.5 ¥ 10 -7 M (thionine concentration on thionine/glucose-modified medium beads) was stirred with 120 rpm. After a rest period of 15 s, voltammetric measurements using a glassy carbon electrode (surface area: 7.0 mm 2 ) were carried out. The relative standard deviation (RSD) was 4.6% (n = 5). Such a RSD is enough to evaluate WGA-glucose binding. The detection limit of thionine estimated as three standard deviations (3s) was 8.0 ¥ 10 -9 M.
Effect of WGA concentration on thionine/glucose-modified magnetic microbeads
The relationships between the peak current of the thionine moiety and the WGA concentration are shown in Fig. 4 . Magnetic beads of three different sizes were used in these measurements.
The concentration of glucose moiety immobilized on the beads was 5 ¥ 10 -7 M. The amount of the thionine modified on the surface per bead is different depending on the size. The concentration of thionine in the solution was adjusted by changing the number of beads. Therefore, the peak currents were kept at the same values. For all three bead sizes, the peak current of the thionine moiety decreased until the WGA concentration reached 1 ¥ 10 -6 M. The current was constant at WGA concentrations greater than 3 ¥ 10 -6 M. The small and medium beads exhibited similar declines in peak current. However, the decrease in peak current of the large beads was small relative to the changes in current observed for the other beads. The amount of WGA immobilized on the large beads was greater than that on the small and medium beads. Therefore, it appears that WGA immobilized on the surface of large beads may interfere with additional WGA-glucose bound formation.
Effect of WGA incubation time on thionine/glucose-modified magnetic beads
The effect of WGA incubation time on thionine/glucosemodified beads was investigated (Fig. 5) . When 5 ¥ 10 -7 M (glucose concentration on the beads surface) thionine/glucose modified beads and 2.0 ¥ 10 -6 M WGA were mixed in 0.1 M phosphate buffer (pH 7.0), the peak current decreased exponentially. The pattern of the decrease is due to the WGAglucose binding. 20 Then, the peak current became a constant value for over 40 min because of an equilibrium between WGA in a solution and glucose residues on the beads. We decided to set the incubation time at 60 min because the peak current hardly changed from that of 50 min.
To examine whether WGA selectively binds the thionine/ glucose-modified beads, we added SBA and Con A, which lack the glucose-binding site, to a solution of microbeads. The measurements were carried out under the following conditions: Thionine/glucose-modified medium beads (5 ¥ 10 -7 M glucose concentration on the bead surface) and 2.0 ¥ 10 -6 M lectin were mixed for 1 h in 0.1 M phosphate buffer (pH 7.0). Measurements were carried out with DPV after a potential of 0.1 V was applied to the electrode for 5 min. As a result, the influence to the peak current during the incubation time was small. The reason is non-adsorption of the lectins on the electrode surface. That is, glucose residues do not combine with Binding events of sugar (glucose and N-acetylglucosamine residue) to WGA are important for an understanding of biological processes. WGA-sugar interactions have been revealed by means of NMR 21 and mass spectrometry. 22 Because the WGA-sugar binding in living bodies is interesting, monitoring of the binding has been carried out using enzyme-linked immunosorbent assay 23 and electrophoresis. 24 Our voltammetric procedure to evaluate the binding does not require separation of free WGA from the bound WGA before measurement. Therefore, it is a rapid and convenient method. In addition, the method can be applied to WGA-sugar binding on the surface of living cells. The advantage of the method developed in the present study is that evaluation of WGA-glucose binding can be achieved in one-step with the simple mixing of WGA and modified beads. Although the previous procedure is also powerful for the evaluation of the binding, the method has a two-step procedure mentioned above. That is, the measurement time of the assay is two-fold longer than that of the new assay.
Conclusions
To evaluate WGA-glucose residue binding, magnetic microbeads with thionine and glucose immobilized on the bead surface were prepared. The thionine/glucose-modified beads served as a model of biological cells. Evaluation of WGAglucose binding was achieved by sequestering the thionine moieties upon WGA binding to glucose. Thus, WGA-binding caused the peak current of the thionine moiety to decrease. Addition of lectins, which lack glucose-binding sites, to the microbeads did not affect thionine peak current. In addition, WGA-binding was affected by bead size. Consequently, the method developed in the present study can be used to monitor protein binding to sugar residues on the cell surface. Fig. 4 Effect of WGA concentration on magnetic beads. f, Small; a, medium; s, large. Thionine/glucose-modified beads (5 ¥ 10 -7 M glucose concentration on the bead surface) were incubated for 1 h in 0.1 M phosphate buffer (pH 7.0). Measurements were carried out with DPV after a potential of 0.1 V was applied to the electrode for 5 min. M glucose concentration on the bead surface) and 2.0 ¥ 10 -6 M lectin were mixed in 0.1 M phosphate buffer (pH 7.0). Measurements were carried out with DPV after a potential of 0.1 V was applied to the electrode for 5 min.
